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Abstract 
The effect of methanoic acid and acetic acid with hydrogen peroxide on oxidative desulphurization was investigated by accelerating rate 
calorimeter (ARC) in this paper. Their reaction order n, activation energy Ea and pre-exponential factor A were calculated from these 
curves before and after modification of instrument constant, i.e. thermal inertia factor of ARC. The adiabatic decomposition parameters 
obtained show that hydrogen peroxide is of a character, i.e. it can be easily decomposed by adding methanoic acid or acetic acid. The 
decomposition is the easiest and activation energy lower for adding methanoic acid, which is from 179.34 kJ·mol-1 to 84.25 kJ·mol-1 and 
68.35 kJ·mol-1, respectively. The rate of temperature rise is the biggest and the rise of adiabatic temperature the highest, and the 
decomposition the most intense, and the risk the highest. Finally, the temperature of no return TNR and self accelerating decomposition 
temperature TSADT of hydrogen peroxide with some specific package were calculated by kinetic parameters, which were 312.77 K, 308.23 
K respectively. However, in order to control fire or explosion of oxidative desulphurization process, the technological temperature of oil 
desulphurization should not be larger than their initial decomposition temperature 295.49 K and 324.38 K. 
 
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Beijing Institute of 
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Nomenclature 
A pre-exponential factor (min-1) 
Ea activation energy (kJ·mol-1) 
m temperature rise rate (K·min-1) 
n reaction order 
P pressure (MPa)  
T temperature (K) 
TNR Temperature of no return (K) 
TSADT Self-accelerating decomposition temperature (K) 
U overall heat transfer coefficient (J·cm-2·K-1·s-1) 
Tad adiabatic temperature rise (K) 
Greek symbols 
m,s time to maximum temperature rise rate (min) 
Subscripts 
ad adiabatic condition 
f final condition 
m maximum condition 
s sample 
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1. Introduction 
Hydrogen peroxide (HP) is a kind of multi-functional green oxidants, which is widely used in chemical industry, building, 
war industry, environmental protection, oil desulphurization and other industries. Usually, HP is stable, and their 
decomposition is extremely slow, the decomposition rate per year is less than 1%. However, the decomposition of hydrogen 
peroxide is known to be sensitive to mental impurities and high temperature, which gives much water, oxygen and chemical 
heat. If the decomposition is out of control, it may cause major fire and explosion accidents [1].  
On 16 July, 2010, a powerful fire and explosion occurred on oil pipe in Dalian, Liaoning province. Some crude oil has 
leaked into sea which arises to environmental pollution. The main cause of the major fire explosion was chemical explosion 
in oil pipe between strong oxidizing agents and oil desulphurization. Hydrogen peroxide is becoming popular in the 
oxidative desulphurization because it has the advantage of giving environmentally benign water as its by-product [2]. 
Hydrogen peroxide is much easier to decompose when it encounters organic acid, such as methanoic acid and acetic acid. 
For safety concerns, it is essential to evaluate the thermal hazardous characters of hydrogen peroxide with organic acid in 
order to provide reliable scientific evidences, which are useful to the safety production, storage, usage and transportation. 
In the open literature, experimental data for hydrogen peroxide/inorganic acid and metals mixtures are obtained [3–8]. 
These methods have provided theory criteria for evaluation on thermal explosion accidents of hydrogen peroxide. However, 
there is no testing data on the mixture of hydrogen peroxide with organic acid. This paper is a report of the examination of 
the potential causes of hydrogen peroxide with organic acid in terms of thermal behaviour measured by accelerating rate 
calorimeter (ARC). 
2. Experiment 
Experimental materials of hydrogen peroxide with 30% were purchased from Sinopharm Chemical Reagent Beijing Co., 
Ltd. Methanoic acid with 88% was purchased from Beihua Chemical Reagent Beijing Co., Ltd. Acetic acid with 99.5% was 
purchase from Yide Chemical Reagent Beijing Co., Ltd. The volume ratios of hydrogen peroxide with mechanoic acid or 
acetic acid are 1:1.  
Developed by the Dow Chemical Company, the ARC is in use in over 200 laboratories around the world and the re-
engineered instrument offered by Thermal Hazard Technology Co. (THT). In the experiments, ARC made by THT is used. 
The main operation parameters of ARC are temperature range 0–500 , pressure range 0℃ –20 MPa, sample mass range 
0.01–10.00 g and slope sensitivity 0.01–0.02 ℃·min–1. The experimental conditions of samples are listed in Table 1. 
Table 1. Experimental conditions of samples 
No. Sample mass/g Bomb mass/g Initial temperature/K Apparatus 
sensitivity/(K·min-1) 
HP 30% (No.1) 0.982 17.805 4 293.15 0.02 
HP MA: 1:1V V  (No.2) 1.080 17.854 2 293.15 0.02 
HP AA: 1:1V V  (No.3) 1.190 17.954 8 293.15 0.02 
 
3. Results and discussion 
3.1. Thermal decomposition of HP 
The measured data and curves of tests Nos.1–3 for hydrogen peroxide and mixtures of hydrogen peroxide with 
methanoic acid or acetic acid are given in Figs.1–4 and Table 2. The method of calculating the characteristic parameters is 
reported in relevant references [9]. 
In Figs.1–3, when the system has reached start temperature 293.15 K, the exothermic reaction is not detected until after 
fourteen heat-wait–search cycles. The initial exothermic temperatures of test No.1 (HP) is 329.59 K, and initial self-heat 
rate of system is 0.037 K·min-1. Self-heat rate has risen continuously, but the rise pace of it is very slow. When the 
temperature of system has reached 356.73 K, the self-heat rate of testing system attains to the maximum 0.75 ·min-1. After 
123.55 minutes, the system has reached maximum exothermic temperature 394.91 K. The maximum pressure of system is 
1.61 MPa. The pressure and temperature has risen nearly at the same time in Fig.3. It can be seen from Table 2 that the 
adiabatic temperature rise and pressure per sample mass are very large; therefore, HP in closed container has great thermal 
explosion risk. Whereas, time from initial exothermic reaction to reaching the maximum self-heat rate is very short, it also 
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has shown that the time of decomposition of HP is short. In Fig.4, the logarithm of temperature rise rate vs inverse 
temperature is linear relation, which is rise accompany with the temperature rise. However, No.1 has a downward shape 
peak between 348.15 K and 360.15 K. It is shown that there is endothermic process of the reaction system. 
3.2. Organic acid on thermal stability of HP 
Compared with the test of No.1, the initial exothermic temperatures of Nos.2 and 3 are quite different in Fig.1. The initial 
exothermic temperature of Nos.2 and 3 are lower than No.1 (HP), 295.55 K and 324.75 K respectively. It means the adding 
of organic acid of MA and AA has accelerated the decomposition of HP. Hydrogen peroxide causes and methanoic acid 
rapid chemical reaction which produces peroxyformic acid (HCOOOH). Meanwhile, peroxyformic acid is very unstable, 
which has quickly generated peroxygenase free radical. Hydrogen peroxide and acetic acid produces peroxyacetic acid 
(CH3COOOH), and its exothermic decomposition temperature is lower (318.4K by ARC [9]). During the chemical reaction 
of peroxyacetic acid, it produces acetic acid, oxygen and methanol. The stability of methanoic acid is lower than acetic acid, 
so in the process of adding organic acid, methanoic acid is much more dangerous than acetic acid. 
While the pressure of No.2 is larger than No.3 in Fig.2, the maximum pressure of No.2 has reached 1.19 MPa, so it 
denotes the explosion risk of oil desulphurization HP with MA is larger than HP with AA. The curves of temperature vs 
time to maximum self-heat rate for HP and mixture of HP with MA and AA are shown in Fig.4. The time to maximum self-
heat rate of HP with MA is the largest among the three tests. If the cooling system is out of control, the response time is the 
shortest which puts forwards to temperature control measures.  
Table 2. Measured thermal decomposition characteristic data of samples 
Parameter Sample 1 Sample 2 Sample 3 
Initial exothermic temperature T0,s/K 329.59 295.55 324.75 
Final exothermic temperature Tf,s/K 394.91 375.65 375.95 
Adiabatic temperature rise Tad,s/K 65.32 80.10 51.20 
Initial temperature rise rate m0,s/(K·min-1) 0.037 0.043 0.039 
Maximum temperature rise rate mm,s/(K·min-1) 0.75 8.72 0.17 
Maximum rate temperature Tm,s/K 356.73 362.47 359.88 
Time to maximum temperature rise rate m,s/min 123.55 122.97 354.75 
Maximum pressure pm,s/MPa 1.61 1.19 1.02 
Maximum pressure per mass (pm,s/m)/(MPa·g-1) 1.64 1.10 0.86 
Total heat of reaction/J 727.08 903.99 568.04 
Reaction heat/(J·g-1) 740.49 721.64 477.22 
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Fig. 1. Curves of temperature vs time.                                                                          Fig. 2. Curves of pressure vs time. 
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Fig. 3. Curves of temperature vs pressure.                                                                        Fig. 4. Curves of temperature rise rate vs temperature.  
4. Calculation of kinetic parameters 
For an nth-order reaction with a single reaction, the self-heat rate of the adiabatic system can be expressed as [10] 
  fT ad
ad
( )nT Tm k T
T
                                                                                 (1) 
where  Tm is the self-heat rate at arbitrary temperature T of adiabatic system; k is the rate constant, and aexp( )
Ek A
RT
, A is 
the pre-exponential factor, Ea is the apparent activation energy, R is the gas constant; adT  is the adiabatic temperature rise, 
and ad f 0T T T , Tf is the final temperature, T0 is the initial exothermic temperature; n is the reaction order. 
From equation (1), the rate constant can be expressed as  
   T
f
ad
ad
( )n
mk T TT
T
                                                                                    (2) 
It has been known                   
                     a 1ln ln Ek A
R T
                                                                                     (3) 
The plot of lnk vs 1/T is expected to be a straight line provided that the order of reaction is correctly chosen. The 
Arrhenius kinetic parameters, Ea and A can be calculated from the plot accordingly. 
According to equations (2) and (3), the curves of rate constant vs absolute temperature and the fitting lines for three tests 
can be obtained in Fig.5. It has been known that the exothermic curve of HP is divided into two parts owing to the 
endothermic process between 348 K and 360 K. Therefore, the kinetic parameters of HP should be calculated in two 
temperature range. The results are that the reaction order of HP is first during the whole chemical reaction, and the reaction 
order of HP is same as the addition of methanoic acid and acetic acid. Calculated results of kinetic parameters are listed in 
Table 3. The activation energy Ea and pre-exponential factor A can be calculated in accordance with the reaction order. The 
linearity fitting results are listed in Table 4. The apparent activation energy and pre-exponential factor are 179.34 kJ·mol-
1and 8.46×1023 min-1 for HP, 84.25 kJ·mol-1 and 1.36×1010 min-1 for HP with MA, 68.35 kJ·mol-1 and 1.50×106 min-1 for HP 
with AA. The energy activation of the addition is lower than the pure hydrogen peroxide, so the organic acid has advanced 
the thermal decomposition of hydrogen peroxide. 
5. Calculation of self-accelerating decomposition temperature (SADT) 
Temperature of no return (TNR) and Self-accelerating decomposition temperature (TSADT) are two important parameters in 
the evaluation of thermal hazards; especially the two parameters have become the critical judgments in the United Nations 
tests [11–13]. According to the Semenov model, the modified curve of actual heat loss of reactive materials vs time to 
maximum rate, the time constant of exothermic reaction system is calculate from equation (4). The temperature of no return 
(TNR) can be obtained from the fitted curve in Fig.6. Therefore, the self-accelerating decomposition temperature (TSADT) is 
calculated in accordance with equation (5) [10]. 
vM C
US
                                                                                                  (4) 
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2
NR
SADT NR
a
RTT T
E
                                                                                  (5) 
where  M is the mass of reactive material; vC is the average heat capacity of reaction system; U is the overall heat transfer 
coefficient; S is a wetted area; NRT is the critical no return temperature.  
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Fig. 5. lnk 1/T linear curves of (a)sample 1 (329.59–356.73K), (b) Sample 1 (357.74–394.91K), (c) Sample 2 and (d) Sample 3. 
Table 3. Calculated results of kinetic parameters 
No. 0n  1n  2n  3n  
Sample 1 
329.59–356.73 K 
R  0.948 9 0.990 9 0.982 2 0.971 6 
ln A  27.14 55.10 83.06 111.01 
a( / )E R 12 276.85 21 571.12 30 865.39 40 159.65 
357.74–394.91 K 
R  0.015 5 0.971 3 0.952 1 0.939 0 
ln A  10.12 18.57 47.26 75.95 
a( / )E R 645.06 9 837.81 20 320.68 30 803.55 
Sample 2 
R  0.981 4 0.997 2 0.995 5 0.992 6 
ln A  15.60 23.34 31.07 38.81 
a( / )E R 7 800.13 10 133.26 12 466.38 14 799.51 
sample 3 
R  0.868 0 0.996 7 0.994 0 0.985 3 
ln A  0.68 14.22 27.76 41.30 
a( / )E R 3 763.94 8 221.44 12 678.93 17 136.43 
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Table 4. Kinetic parameters of tested samples 
Kinetic parameter 
Sample1 
Sample 2 Sample 3 
329.59–356.73 K 357.74–394.91 K
n  1 1 1 1 
A/s-1 8.46×1023 1.16×108 1.36×1010 1.50×106 
Ea/(kJ·mol-1) 179.34 81.79 84.25 68.35 
 
Supposing the standard package of hydrogen peroxide is 25 kg, the TSADT for hydrogen peroxide is calculated suing a 
wetted area, S=4 812.4 cm2, and an overall heat transfer coefficient, U=2.838 6×10-4 J·cm-2·K-1·s-1 [14], the time constant  is 
calculated from equation (4), and 
v
4
25000 3.05 55817.96s
2.8386 10 4812.4
M C
US
                                                (6) 
 
It can obtain from Fig.6 that the TNR equals to 312.77 K, therefore, the TSADT is calculated from the following equation in Table 5, and  
2
NR
SADT NR
a
308.23RTT T
E
K                                                            (7) 
Table 5 shows a comparison of the calculated SADT for the 25 kg package in this study with the measured values of the 
UN test. The calculated SADT is higher than the measured one. This may be because testing material HP is conserved in the 
solvent in order to decrease the hazardous sensitivity; the relative hazard is lower than the UN test. 
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Fig. 6. Modified curves of time to maximum rate vs temperature. 
 
Table 5. Calculated values of SADT of HP 
Parameter Calculated value UN 25 kg test [15] 
TNR K 312.75 306.45 
TSADT/K 308.25 302.45 
 
6. Conclusions 
From experimental investigation with accelerating rate calorimeter, the influence of organic acid on thermal 
decomposition of hydrogen peroxide was investigated and following conclusions can be drawn. 
(1) The hydrogen peroxide is not stable by adding the organic acid from decreasing of the activation energy, which are 
179.34 kJ·mol-1, 84.25 kJ·mol-1 and 68.35 kJ·mol-1, respectively. Therefore, in the process of oxidative desulphurization, the 
process safety temperature should be controlled below the initial exothermic temperature 295.49 and 324.38 respectively. 
(2) Combining the kinetic parameters with thermal explosion theory, the calculated SADT and TNR can be obtained in 
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some special package size. The calculated results are more simple and quick than the US-SADT measure results. The 
calculated data can give a reference of the intrinsic safety of hydrogen peroxide during manufacturing, transportation, 
storage, and even disposal.  
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